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ABSTRACT: The formation of acylhydrazones has been widely applied in materials science and labeling of biomolecules.  However, the slow rate of condensation under neutral conditions limits its application. Herein, indolines with electron-donating groups are reported as a new catalyst scaffold, which can catalyze acylhydrazone, hydrazone and oxime formation via an iminium ion intermediate.  This new type of catalyst showed up to 15-fold rate enhancement over the traditional aniline-catalyzed reaction at neutral aqueous conditions. The identified indoline catalyst was successfully applied in the formation of an acylhydrazone hydrogel.    
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The acylhydrazone/hydrazone and oxime formation1 are fundamental condensation reactions, widely utilized in different fields including dynamic combinatorial chemistry,2 bioconjugation,3 polymer chemistry,4 stimuli responsive materials and soft materials.5 However, the slow rate of these condensations under neutral aqueous conditions has limited their applications in biological contexts. Therefore, there have been tremendous efforts to improve the reaction rate.6 In 1960s, Jencks reported aniline as a nucleophilic catalyst for hydrazone (semicarbazone) formation via transamination of an imine intermediate.7 Later on, this catalysis was shown to work well under biological conditions (Figure 1). 3, 8 A number of aniline derivatives with improved catalytic ability have been developed. For example, Kool developed bifunctional anilines with acid/base groups ortho to the amino group such as 5-methoxyanthranilic acid, 2-aminophenols and 2-(aminomethyl)benzimidazoles.9 The bifunctional catalysis was ascribed to the enhanced formation of the imine intermediate via intramolecular H-bonding and up to 7-fold rate increase over aniline was observed with the most effective catalyst 5-methyl-2-aminobenzenephosphonic acid.10 Recently, Roelfes and co-workers reported an artificial enzyme featuring p-aminophenylalanine anchoring into the hydrophobic pocket as a catalytic residue.11 Compared with aniline, the designed aniline-enzyme showed more than two orders of magnitude rate increase for hydrazone and oxime formation. 
Despite of these prominent advances, most of these catalysts rely on the aniline primary amine motif. The aromatic secondary amines were generally overlooked for catalysis of acylhydrazone/hydrazone and oxime formation, through aliphatic secondary amines have been screening but showed poor activity.9b Compared to aniline, aldehydes prefer to form iminium ion intermediates with aromatic secondary amines. The iminium ion could be stabilized by aromatic ring and increases electrophilic activity than corresponding aldehyde. We hypothesized that acylhydrazone/hydrazone and oxime formation can be catalyzed via an iminium ion intermediate at neutral pH by aromatic secondary amine (Figure 1). Herein, we report that easily prepared indoline derivatives with electron-donating groups effectively accelerate acylhydrazone/hydrazone and oxime formation, enhancing the reaction rate considerably compared to the traditional aniline-catalyzed reaction at neutral pH. The new catalysts are active on a wide substrate scope. 5-Methylindoline successfully enhanced the rate of supramolecular gel formation at neutral pH, including a particularly challenging formation of potentially antiviral gel materials.


Figure 1. Acylhydrazone/hydrazone and oxime formation via indoline catalysis.
To obtain more effective catalysts, we investigated the condensation between 4-nitrobenzaldehyde and benzoylhydrazine as model reaction (Table 1). All reactions were performed under pseudo-first-order conditions in phosphate buffered saline (PBS) at pH 7.4 with 10 % DMF as co-solvent. Apparent second-order rate constant kapp(M-1s-1) were obtained by monitoring UV-vis absorption at 329 nm of the hydrazone product. To calculate the rate constants we used nonlinear regression by linear least-squares fits, following the Guggenheim method (for details, see Supporting Information).6b, 12 The observed rate increases linearly for both 4-nitrobenzaldehyde and catalyst under excess concentration indicate the reaction is first order for each substrates and catalyst (see supporting information, Fig S1d). Due to the electron-withdrawing effect on the carbonyl moiety, benzoylhydrazine is less nucleophilic than hydrazine, hence acylhydrazone formation rates are generally lower than hydrazone formation rates. Without catalysis, the model reaction is too slow to reach equilibrium in pH = 7.4 within 24 h.
Selected screening results are shown in Table 1. Aniline (pKa =4.6 in H2O)3a, 7a was selected as reference (entry 1). A range of primary amine catalysts including the well-explored aniline analogue catalysts were also investigated for comparison.9-10 Among all the primary amine catalysts examined (Table 1, entries 1-9), 5-methyl-2-aminobenzene phosphonic acid, previously reported by Kool,10a showed good catalytic effects, with 0.573 M-1s‑1 apparent rate constant and 19.10 times rate-enhancement over aniline (Table 1, entry 9 vs entry 1). We first tested our secondary amine-hypothesis with N-methylaniline. Unfortunately, N-methylaniline and its derivatives bearing either para-methoxy or ortho-carboxylic acid, displayed negligible catalytic effects. Other cyclic aromatic secondary amines were examined. To our delight, we 
Table 1. Screening of catalysts.a




a Apparent 2nd order rate constant, kapp (M-1s-1), are given as mean values ± standard deviations based on triplicate measurements or more. Conditions: 123 mM NaCl, 2.4 mM KCl, and 10.7 mM sodium and potassium phosphate (pH 7.4) with 10% DMF as co-solvent. 
found that indoline (pKa = 5.6)13 showed a modest catalytic activity for the model reaction, with a 5.0-fold rate enhancement (entry 10) over that of aniline. In contrast, 1,2,3,4-tetrahydro-quinoline(pKa = 4.7)13 showed poor catalytic activity (not shown). Pyrrolidine (pKa = 11.2) was also inactive under the present conditions, this maybe suggest that the benzene ring decrease the basicity of nitrogen in indoline and stabilize the iminium intermediate under aqueous solution, which pinpointing the importance of aromatic aminocatalysis.14 All these results confirm the concept that the pKa of catalysts closest to neutral buffer solution provide more rate enhancements for acylhydrazone/hydrazine formation.3a, 10a, 15  
Finding the indoline scaffold prompted us to improve its activity, and indolines with different substitutions were investigated next. Most substituted indolines are commercially available or easy to prepare in high yields (for details, see supporting information)16. Inspired by Kool’s work,9-10 indoline derivatives with carboxylic acid groups in 2- and 7- positions were first explored. Unexpectedly, indoline-2-carboxylic acid (entry 11) shows the kapp was 0.057 M-1s‑1, only 1.90 times faster than aniline, while indoline-7-carboxylic acid was virtually inactive. Compared with indoline, 2-methylindoline (entry 12) showed a substantial reduction in catalytic efficiency, likely a result of a steric effect on iminium formation. However, 7-hydroxyindoline (entry 13) showed a slightly higher activity. 7-aza-indoline endowed with a fused pyridinyl ring had no catalytic activity at all. 
Next the substitution effects on the benzene ring of indoline were examined (entries 14-18). Indolines with electron-donating groups showed enhanced reaction rates. For example, 5-methylindoline (entry 15) showed a 11-fold rate enhancement, and 5-methoxylindoline (entry 14) enhancement up to 15.50-fold, comparable to 5-methyl-2-aminobenzene phosphonic acid (entry 9). With increasing electron-withdrawing ability, the reaction rate dramatically decreased (entries 16-18) and 5-nitroindoline (not shown) showed no activity. A good linear relationship was obtained when the logarithm of rate constants log kx/kH was plotted against Hammett substitute constant σ (Figure 2, black line). A large negative slope (ρ = −1.804) reveals the electron-deficient 
Scheme 1. Substitution effects of benzaldehyde.  



Figure 2. Hammett plot of substitution effects of indoline (black) and benzaldehydes (red).

nature of the key reaction species in the rate-limiting step, characteristic of an iminium ion species in the current catalysis. We also explored the electronic effect on benzaldehydes (Scheme 1). The catalysis seems to be less dependent on the electronic nature of the substrates (Figure 2, red line), but slightly favors electron-deficient benzaldehydes, consistent with their enhanced iminium ion formation and reactivity. 
Table 2. Scope of nucleophiles.a




a Apparent second-order rate constant kapp(M-1s-1) was measured under same condition in Table 1).
With the optimized catalyst in hand, we next examined its scope (Tables 2 and 3). Aliphatic acylhydrazides including bulky ones were compatible with indoline catalysis. Indoline was 5-fold faster than aniline (Table 2, entries 1 and 2) and the optimal 5-methoxyindoline was 10 times faster. In these cases, indoline catalysis is comparable but slightly slower than the best reported aniline-phosphonic acid catalyst. The catalysis also worked well with functionalized arene acylhydrazides such as salicylhydrazide or picolinylhydrazide and up to 13 fold-rate enhancement over aniline could be achieved (Table 2, entries 3 and 4). In these cases, indoline catalysts performed much better than the aniline phosphonic acid catalyst, highlighting its applicability and functional group tolerance. Indoline catalysis was also found to promote hydrazone and oxime formation effectively (Table 2, entries 5 and 6). In oxime formation, the indoline catalysis is 20-times faster than aniline, representing the most efficient catalysis examined. 17
The scope of aldehyde substrates was explored with benzoylhydrazine as a model (Table 3). Electron-rich aldehydes such as 4-methoxyaldehyde and 2-thenaldehyde are sluggish substrates and the application of 5-methoxyindoline catalysis led to 6-fold and 12-fold enhancement respectively (Table 3, entries 1 and 2). Aromatic aldehydes such as picolinaldehyde, quinoline-8-carbaldehyde and salicylaldehyde were also used and 5-methoxyindoline and 5-methyl-2-aminobenzene phosphonic acid demonstrated comparable performance (Table 3, entries 3-5). Interestingly, glyoxylic acid showed the highest 



Table 3. Scope of aldehydes.a



 a Apparent second-order rate constant kapp(M-1s-1) was measured under same condition in Table 1).
rates (14.51 M-1s-1, Table 3, entry 6) among all the examined substrate with indoline catalysis. Aliphatic aldehyde and unactivated ketones have also been examined, unfortunately indoline did not show effective catalysis in these cases. 
Having discovered substituted indolines as efficient catalysts for hydrazone formation under neutral conditions, we then turned our attention to its application in biomedical materials. In the past, we reported how the formation and the mechanical properties of low molecular weight (LMW) hydrazone hydrogelators can be controlled directly by cata-lytic action (Figure 3a).5a In those systems, control over the rate of hydrazone formation is crucial to achieve local gel formation, control gel object dimensions and properties.18 
The rate of hydrazone formation was mostly controlled using acid catalysis. When using aniline at neutral pH, the electron rich benzaldehyde substrates gave sluggish reactions, limiting application at neutral pH. Recently, we became interested in applying these hydrogels as broad spectrum antiviral materials, inspired by the work of Stellacci, Lembo and Jones.19 For this purpose, it is crucial that we can generate gel fibers that have a high density of alkylsulfonate groups, preferably at neutral pH. These decorated fibers can be made by reaction and subsequent in situ gelation of a mixture of tris-hydrazide H, benzaldehyde A and alkylsulfonate benzaldehyde AS (Figure 3).20 To investigate the potential of indoline catalysis, we first looked at gel formation without the sulfonate. In the reaction between H and A, turbidity measurements were used to monitor the rate of hydrogel fiber formation. 5-methylindoline and aniline were selected as catalysts. All experiments were performed in 0.1 M phosphate buffer at pH 7.0. As shown in Figure 3b, the turbidity developed much earlier and at a higher rate when using 5-methylindoline than when using aniline (for details, see supporting information, Fig S7). The gelation time, as determined  by the inverted vial method, was within 2 hours for the 5-methylindoline catalyzed sample while the uncatalyzed sample remained a liquid suspension even after 7 hours ([H]=8mM, Figure 3c). Rheological measurements showed that 5-methylindoline catalyzed gelation gives a constant G' of 6 kPa, 50 min. after starting the reaction. Aniline catalysis leads to G' = 5 kPa after 110 min., confirming the trends observed in the turbidity measurements and in the small molecule models (for details, see supporting information, Fig S8). Moreover, when [H]=20 mM was used, the uncatalyzed reaction take 8 hours to gel. Using 10 mM aniline, this time is reduced to 3 hours, whereas 10 mM 5-methyl indoline further reduces it, giving a gel within two hours (for details, see supporting information, Table S1).
[image: ]
Figure 3. (a) Catalyzed trishydrazone hydrogelator formation; (b) The turbidity measurements at 500 nm; (c) Inverted vial method tests of hydrogelator formation and appearance with or without 5-methylindoline. For (b) and (c), samples were prepared by mixing stock solutions of 8 mM acylhydrazide H, 48 mM aldehyde A, with or without 10 mM catalyst (aniline or 5-methylindoline) in 0.1 M phosphate buffer at pH 7.0. 
  Next, we used a mixture of A and AS aldehydes (30 mol% sulfonated aldehyde AS) in the gelation. In the absence of catalyst, these mixtures take over 6 hours to form a gel ([H] = 20 mM). When we used 5-methyl indoline as a catalyst (10 mM), these mixtures gelled in 1.5 hours, forming stable and stiff gels with a slight yellow color on account of oxidized indoline (see supporting information, Fig S9).
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]In summary, we have shown that easily prepared indoline derivatives bearing a secondary amine in the catalytic centre can act as new efficient catalysts for acylhydrazone/oxime formation under neutral aqueous conditions. The reaction rates are faster than the typical primary amine aniline-catalyzed reactions at neutral pH. Indoline is comparable with the most effective catalyst reported so far, 5-methyl-2-aminobenzene phosphonic acid and shows better reactivity for some substrates. The benzene ring is crucial for indoline catalysis and electron-donating groups increase the catalytic activity by stabilizing the formation of highly active iminium intermediates. The new catalysts were investigated for a broad substrate scope and were successfully used to accelerate hydrogel formation for challenging biomedical substrates under neutral pH conditions. 
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